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PRF,FACE 
This repor t  i s  a f i n a l  d r a f t  of  a l i t e r a t u r e  search required as par- 
t i a l  fu l f i l lmen t  of condition of NASA Contract NAS 9-5174, "Liquid 
Propel lant  Behavior under Conditions of Varying Acceleration." Every 
reasonable e f f o r t  has been made t o  obtain as complete a l i s t i n g  of 
the  open l i t e r a t u r e  regarding low-g l i q u i d  behavior. Some items may 
have been missed, however. Readers are r e spec t fu l ly  inv i t ed  t o  of- 
fer  addi t ions during the  remainder of calendar year 1966. 
The m r k  of co l l ec t ing  and co l la t ing  l i terature material was accom- 
p l i shed  by G. A .  Hastings and D . \ W .  H i l l .  
and the preparat ion of commentary was accomplished f o r  the  most p a r t  
by J. G. Seebold and, t o  a lesser extent ,  by H. M .  Satterlee. 
R e v i e w  of a l l  the items 
i 
The L i t e ra tu re  of Low-g Propel lant  Behavior 
This repor t  concerns publications i n  the  f i e l d s  of low-g f l u i d  mech- 
anics  and heat  t r a n s f e r  which appeared during and a f t e r  1959. 
was chosen because it marks the  approximate beginning of development of 
what might be ca l l ed  the  "modernff theory o f  c a p i l l a r y  f l u i d  mechanics. Cap- 
i l l a r y  ac t ion  was, of course, a subject of c l a s s i c a l  invest igat ion.  The 
advent of space f l i g h t  has brought with i t  a resurgence of  i n t e r e s t  i n  cap- 
i l l a r y  f l u i d  mechanics, because i n  unpowered o r b i t a l  f l i g h t ,  spacecraf t  ac- 
ce l e ra t ion  and l o c a l  g rav i t a t iona l  acce lera t ion  a re  near ly  balanced, and no 
overpowring body force i s  f e l t  by contained l iqu id .  The l i q u i d  i s  i n  an 
approximately 'fweightlessIf condition, and forces  which a re  usua l ly  negli-  
gible ,  such as contact and surface forces ,  become dominating influences,  
This year 
j u s t  as they are i n  the  c l a s s i c  capi l la ry  tube. 
0 A s  a result of t h i s  s imi la r i ty ,  there  i s  a subs t an t i a l  body of c lass-  
i c a l  l i t e r a t u r e  which is  d i r e c t l y  applicable t o  present needs and funda- 
mental i n  the development of t h e  modern theory. Considerable d e t a i l  re- 
g a l u u g  ~riic: i a a u ~ ~ r S  aiiu i i i o u u r y  VI UCVCIU~IILGAIU VI ULLG L I I G W V I J  " Q y L I I U I  A "J , 
together  with spec i f i c  references t o  the  l i t e r a t u r e ,  can be found i n  James 
Clerk Maxwell's c l a s s i c a l  a r t i c l e  i n  the  n in th  ed i t i on  o f  the Encyclopedia 
Bri tanica,  as revised by the 3rd Baron Rayleigh i n  the  t en th  ed i t ion .  
---22-- Lf- -----la - -A  &:-+---- ..* A--vc.ln-mm.-.+ -4' CLn Thnfi-7 cf P - n 4 1 1 - ~ 4 + ~ r  
One comprehensive and usefu l  summary of the  modern theory of capil-  
lary f l u i d  mechanics i s  "Capillary Hydrostatics and Hydrodynamics a t  Low-gfl 
by W. C. Reynolds, M .  A .  Saad, and H. M .  Sa t te r lee ,  hereaf te r  re fer red  t o  
as  IfReynolds (1964)'f. 
W. C .  Reynolds which appeared i n  1961; a fur ther  extension, by W. C .  Reynolds 
and H. M .  Sa t t e r l ee ,  will s h o r t l y  appear i n  a NASA monograph on the Dynamics 
of Propel lant  Sloshing, e d i t e d  by H.  N. Abramson. Other r e l a t i v e l y  compre- 
hensive publ icat ions,  many in the  nature o f  reviews, have appeared; among 
This i s  a n  extension of an e a r l i e r  publ icat ion by 
a 
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them are Benedikt (1961), Berenson (1963), Clodfe l te r  (1963) , Koestel (1959) , 
Neimer (1959), O t t o  (1964), Sherley (1962), Steinle(1963),  Unterburg (1962), 
and Wood (1963). An attempt has bee3 made i n  preparing the present  repor t  
t o  s e l e c t  and comment on publications which seem t o  be of  most p r a c t i c a l  i m -  
portance t o  spacecraf t  designers, o r  which have been fundamental i n  the  de- 
velopment of modern cap i l l a ry  f l u i d  mechanics. 
Boiling heat  t r a n s f e r  has been the subjec t  of vigorous experimental and 
some a n a l y t i c a l  inves t iga t ion  f o r  a considerable period o f  time. 
most  work has been ca r r i ed  out  a t  high heating rates which a re  not t y p i c a l  o f  
the o r b i t a l  environment 
of i n t e r e s t .  
t r ans fe r ,  including p a r t i c u l a r l y  t h a t  i n  bubble dynamics, is  summarized and 
referenced i n  M. Jakob' s "Heat Transfer". 
Although 
f o r  tanked propel lants ,  some pre-1959 work is  s t i l l  
Most of the ea r ly  work which has found appl ica t ion  i n  low-g hea t  
0 The following commentary i s  subdivided i n t o  7 sec t ions  dealing with 
Propel lant  Location and In t e r f ace  Shape, In te r face  S t a b i l i t y ,  Reorientation, 
Sloshing, Propel lant  Containment and Ullage Control, Draining, and Heat Transfer.  
TIL- L 2  Ll: -L-- - --*--- 
Illt: ULuJAugLa~l ly  L U V I = : I D ,  i I ?  a d d i t l o n  t o  t he  forzgoiiig topics ,  3ii2h topics  as 
l i f e  support, propel lant  gaging, phase separat ion,  d i s t r ibu t ion  of non-condens- 
ab les ,  gyros, accelerometers, and experimental techniques. Experimental tech- 
niques a r e  discussed i n  almost a l l  of  the experimental inves t iga t ions  mentioned 
i n  the  commentary; addi t iona l ly ,  some publ icat ions such as Kirk (1960), Cummings 
(1963), K i r k  (1963), Lepper (1963) Vander Velde (1963), and Paynter (1965) deal  
almost exclusively with t h i s  subject,  The bibliographic c i t a t i o n s  are grouped 
by calendar year, and l i s t e d  alphabet ical ly  (by the  last name o f  the sen ior  
author) i n  each year.  
Propel lant  Lacation and Interface Shape 
The problems of the equilibrium configuration o f  l i q u i d  i n  a p a r t i a l l y  
f i l l e d  container i n  a low-gravity environment were among the f i r s t  t o  be a t -  
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tacked, both because of p rac t i ca l  necessi ty  and because some c l a s s i c a l  re- 
s u l t s  and methods were found t o  be applicable. 
cap i l l a ry  hydrostat ics ,  the most l i k e l y  locat ion of a contained mass of 
l iqu id ,  and the  shape of the  liquid-gas in te r face ,  under equilibrium con- 
d i  ti ons . 
These a r e  the  problems of 
0 
The pr inc ip le  of minimum surface energy was used by L i  (1960) t o  in- 
ves t iga te  the s t ab le  configuration of l i q u i d  i n  a zero-g f i e l d .  It was con- 
cluded t h a t  i f  the l i q u i d  wets the  tank wall, it wi l l  c l i n g  t o  i t ,  leaving 
a vapor bubble i n  the  tank. A fur ther  result was t h a t  bubbles on the  tank 
wall will pulsa te  u n t i l  they become large enough t o  touch each other ,  then 
they will coalesce t o  form a l a r g e r  bubble which will eventual ly  j o i n  the  
c e n t r a l  bubble by contact.  
t i o n a l  problem associated with minimun! t o t a l  p o t e n t i a l  energy o f  a tank 
p a r t i a l l y  f i l l e d  with l i qu id ,  L i  (1962) found t h a t  t he  f r e e  endpoint trans- 
v e r s a l i t y  condition y ie lds  an expression f o r  contact angle which i s  inde- 
Again, by formulating the  isoperimetr ic  varia- 
0 
pendent of g rav i t a t iona l  accelerat ion;  t h i s  r e l a t i o n  i s  the  familiar Dupre- 
-w----- L"ulg - equabL"rl* _ _ _ _  12 _ _ _  A n,etJiod fox. sei-ies ao-i-uticjIi Uf yiie differeni&(i eq-mtioil 
f o r  t h e  equilibrium shape of an axisymmetric l iquid-gas in t e r f ace  is  a lso  
given by L i  (1962), and t h e  f irst  few coef f ic ien ts  are worked out. 
An introduct ion t o  t h e  theory and macroscopic descr ipt ion of cap i l -  
l a r y  hydrostat ics  i s  presented by Berenson (1963). 
p r inc ip le  i s  a l s o  discussed by Neu (1963) and Clodfe l te r  (1963). 
The minimum energy 
The zero-g equilibrium configuration of  l i q u i d  contained i n  cylin- 
d r i c a l  and sphe r i ca l  tanks is  discussed by Clodfel ter  (1963) along with ex- 
perimental  observations, including t r ans i en t  overshoot of t he  zero-g sur- 
face shape. 
t i o n  o f  t he  t r ans i en t  change i n  t h e  cap i l l a ry  surface t h a t  r e s u l t s  when a 
l i q u i d  contained i n  a cy l ind r i ca l  tank experiences sudden weightlessness. 
Petrash and Nelson (1963) a l s o  made an experimental investiga- e 
LMS C/A8 358 0.5 
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The shape of t he  c a p i l l a r y  surface i n  a r i g h t  c i r c u l a r  cyl inder  is  
discussed by S a t t e r l e e  and Chin (1965). 
f e r e n t i a l  equation and t h e  r e s u l t s  of numerical i n t eg ra t ion  a re  presented. 
Good agreement With experiment i s  shown, and the  experimental techniques 
a re  discussed. An e l l i p s o i d  of revolut ion approximation to  t he  c a p i l l a r y  
shape i s  also developed. 
A der iva t ion  of t he  governing d i f -  
0 
I n  another  approach t o  tk solu t ion  o f  t he  same problem, Yeh and 
Hutton (1965) make use of the s e r i e s  so lu t ion  due t o  L i  (1962). 
d i t i o n a l  coe f f i c i en t s  are developed t o  improve convergence, b u t  appl ica t ion  
i s  s t i l l  l imi t ed  t o  near ly  f l a t  in te r faces .  The c l a s s i c  method and results 
of Bashforth and Adams are discussed, and numerical examples of t h e  use of 
t he  c l a s s i c  t a b l e s  are given. 
Some ad- 
The c a p i l l a r y  surface i n  an  annular tank i n  an &a1 body force f i e l d  
0 i s  described i n  Seebold, Ho l l i s t e r ,  and S a t t e r l e e  (1966). 
The inves t iga t ion  and ca lcu la t ion  o f  s t a t i c  i n t e r f ace  shapes f o r  a 
broad range of Bond numbers are discussed by Moiseev, e t  a1 (1964); em- 
phasis  i s  on metnods r a the r  t han  r e su l t s .  
The shape of t he  equi l ibr ium free surface i n  a cy l ind r i ca l  tank ro- 
t a t i n g  a t  constant angular  ve loc i ty  about i t s  axis i n  an  axial body force 
f i e l d  i s  discussed by Seebold and Reynolds (1965). 
s eve ra l  poss ib le  equi l ibr ium in t e r f ace  configurations,  obtained by numerical 
i n t e g r a t i o n  of t he  governing d i f f e r e n t i a l  equation, and the supporting ex- 
perimental  r e s u l t s  are presented. 
of a bubble loca ted  on t h e  axis of an  inv isc id  body of l i q u i d  i n  s o l i d  body 
r o t a t i o n  i n  zero-g i s  described by DiMaggio (1963) i n  terms of e l l i p t l  'C in- 
Shape paraneters  of the  
I n  an ear l ier  study, the equi l ibr ium shape 
t e g r a l s  , and some se l ec t ed  zero-g bubble contours are p lo t t ed .  
Blackshear and Eide (1964) derive the d i f f e r e n t i a l  equation f o r  the 
shape of a free l i q u i d  surface i n  a tank o f  square c ross  s ec t ion  i n  t h e  
LMSC/A835805 
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presence of grav i ta t iona l ,  centr i fugal ,  and c a p i l l a r y  forces .  A closed solu- 
t i o n  i s  obtained by neglecting the capi l la ry  forces. The results of numerical 
0 
so lu t ion  of t h e  complete problem, r e s t r i c t e d  t o  a two-dimensional i n f i n i t e  
channel, are presented. 
The r e s u l t s  o f  an experimental s tudy of the zero-g equilibrium in t e r f ace  
i n  which cryogenic l i qu ids  = r e  employed are reported by Sieger t  and Petrash 
(1965). It was found, not surpr is ingly,  t h a t  cryogenic l i qu ids  behave no d i f -  
f e r e n t l y  than standard and more e a s i l y  handled test l iquids .  In  an e a r l i e r  
experimental inves t iga t ion  reported by Petrash e t  a1 (1962) i t  was found t h a t  
the equilibrium configuration of alcohol in a spher ica l  g lass  tank i n  zero-g 
i s  a t o t a l l y  wetted tank m l l  with a vapor bubble i n  the  i n t e r i o r  o f  the l i q -  
uid.  I n  a r e l a t e d  study, Petrash and O t t o  (1962) v e r i f i e d  that knowledge of 
contact angle and tank geometry permits predic t ion  of  t h e  zero-g configura- 
t i o n  of l i q u i d  i n  the  tank. Petrash,  Nussle, and Otto (1963) repor t  experi- 
mental v e r i f i c a t i o n  of the f a c t  t h a t  the  shape of t he  equilibrium liquid-gas 
in t e r f ace  i s  completely determined by contact angle and Bond number. Some 
2-+ ^_^^  &2-- ---I ----- J 3  -I--- 2 - . L - - - n - - -  
I I L U C L  c a  U L L L ~  p i c  b u t ! >  01 LUW-g ~rit,t:.t~icrce~ i i i  sphei5.cil1, cy i i r idr ica i ,  arid con- 
i c a l  containers a r e  included. 
and cy l ind r i ca l  containers,  t he  same authors (1963) found that t h e  contact 
I n  a similar study employing spherical ,  conical,  
angle remains unchanged i n  zero-g compared t o  i t s  one-g value. 
The results of a l o w @ ;  a i r c r a f t  t es t  program i n  which t h e  configurations 
of water, engine o i l ,  hydraulic f l u i d ,  JP-4 f u e l ,  and mercury were inves t iga ted  
i s  reported by Clodfel ter  and Lewis (1961). 
The parameters which a f f ec t  propellant loca t ion  i n  coast ing o r b i t a l  f l i g h t  
a r e  rev iemd by Sa t t e r l ee  (1962), and it i s  demonstrated that propel lant  loca- 
t i o n  can be predicted.  
together  with the  r e s u l t s  o f  experimental and ana ly t i ca l  inves t iga t ions ,  see 
Sherley (1962) , 




Early contributions of importance were made by k n e d i k t  (1959) and 
Reynolds (1959). 
ance of  c a p i l l a r y  and g rav i t a t iona l  forces  ac t ing  on a l i q u i d  i n  low-g, 
while t he  l a t t e r  demonstrated t h e  importance of c a p i l l a r y  forces  i n  a free- 
f a l l  photographic study. 
The former  presented an estimate of the r e l a t i v e  import- 
0 
Additional i n fomat ion  r e l a t ive  t o  c a p i l l a r y  hydrostat ics  can be found 
i n  Andes (1962), Barcatta (1963), Benedikt (1961), Brazinsky (1962) , Callahan 
(1962), Chin (1964), Cline (1964), Dr isco l l  (1960) Jahsman (1961), Koestel 
(1959), Neimer (1959), O t t o  (1965), O t t o  (1964), P o v i t s k i i  (1963), Reynolds 
(1964) , Roennau (1961), Shuleykin (1963), Stehl ing (1961), S t e in l e  (1963) 
Swalley (1965) , Unterburg (1962) Wolczek (1959) and Wood (1963). 
In te r face  S t a b i l i t v  
Liquid contained a t  t he  top of an inverted tank i n  a low-gravity environ- 
0 ment may under c e r t a i n  circumstances be s t ab le  in that locat ion.  Under very 
s p e c i a l  circumstances the l i q u i d  may derive support from surface and contact 
forces ,  but usua l ly  t h e  l i q u i d  is supported by t h e  pressure of  t he  gas be- 
neath the  iiquici-gas in te r face ,  while the in t e r f ace  i t s e l f  is s t a b i l i z e d  by 
s u r f a c e  tension. 
i s  a dynamic problem t h a t  can, under c e r t a i n  circumstances, be inves t iga ted  by 
simpler methods t r e a t i n g  the s t a t i c  problem. 
The s t a b i l i t y  of an inverted meniscus t o  small disturbances 
By analyzing the  l iquid-gas in te r face  i n  an inverted rectangular channel, 
Concus (1963) showed t h a t  the s t a t i c  va r i a t iona l  method and t h e  dynamic small 
v ib ra t ion  method y ie ld  i d e n t i c a l  s t a b i l i t y  limits f o r  an inv isc id  l iqu id .  I n  
an extension of these results, Concus (1964) showed t h a t  while solut ions t o  t he  
free surface d i f f e r e n t i a l  equation e x i s t  which represent  i n f l e c t e d  surfaces,  
such surfaces  are unstable.  
The work of Bretherton (1961) has inportant  implications regarding the  
0 
s t a b i l i t y  of an axisymmetric l iquid-gas in t e r f ace  which exhib i t s  zero contact 
LMSC/A835;805 
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angle. It i s  shown t h a t  under the  act ion of grav i ty  a bubble w i l l  not rise 
i n  a tube unless  the  Bond number exceeds 0.842; this must a l s o  be the c r i t -  
i c a l  Bond number f o r  an inverted &symmetric meniscus of zero contact angle. 
The inv i sc id  motion of t he  bubble i n  e f f ec t ive ly  gravity-free and gravity- 
dominated environments i s  a l s o  discussed. 
The comprehensive r e s u l t s  of  Reynolds, e t  a1 (1364), make possible  the 
inves t iga t ion  of the  s t a b i l i t y  of almost  any axisymmetric meniscus contained 
i n  a tank of a r b i t r a r y  w a l l  curvature. The cap i l l a ry  s t a b i l i t y  o f  an ai- 
symmetric l iquid-gas in t e r f ace  in an annular tank is  determined i n  Seebold, 
Ho l l i s t e r ,  and Sa t t e r l ee  (1966). 
Seebold and Reynolds (1965) discuss the s t a b i l i t y  of t he  c a p i l l a r y  sur- 
face i n  a cy l ind r i ca l  tank r o t a t i n g  a t  constant angular ve loc i ty  about i t s  
ax is .  Rotation i s  found t o  be des tab i l iz ing  i n  the case of  wetting l i qu ids  
i n  an adverse acce lera t ion  environment, and t o  introduce an i n s t a b i l i t y  
which can occur a t  zero- o r  even posit ive-g.  A parametric s t a b i l i t y  map 
governing the existence of s t ab le  menisci, and supporting experimental re- 
S i i l t S ,  ai-e pi-eseiited. 
I n  an experimental invest igat ion,  J e t t e r  (1963) found t h a t  square o r  
rectangular  passages are not e f fec t ive  i n  s t a b i l i z i n g  l i qu ids  which exh ib i t  
vanishingly small contact angle because of  corner e f f e c t s .  
The e f f e c t  of boundary e l a s t i c i t y  on i n t e r f a c i a l  s t a b i l i t y  has been 
inves t iga ted  ana ly t i ca l ly  by Smith (1965) and Tong and Fung (1965’). The 
former considered a f l a t  surface contained i n  a two-dimensional channel 
having f l ex ib l e  walls o r  f l oo r ,  while the  l a t te r  s tudied a cy l ind r i ca l  do- 
main with a f l e x i b l e  bottom. In  p r a c t i c a l  s i t ua t ions  a t  low-g, sloshing 
frequencies and e l a s t i c  frequencies a re  vas t ly  mis-matched, s o  t h a t  no int- 
por tan t  i n t e rac t ion  should be observed. o 
It i s  shown i n  Koval and %uta (1966) t h a t  the  addi t ion  o f  an e l e c t r i c a l  
LMSC/A835805 
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body force changes t h e  na tu ra l  sloshing frequency of a cap i l l a ry  surface,  
thereby a l t e r i n g  the  cap i l l a ry  s t a b i l i t y  cha rac t e r i s t i c s .  This would be 
0 
true of any superimposed body force, of course. 
The s t a b i l i t y  of the  accelerated in t e r f ace  between a l i q u i d  and a i r  
was investigated'experimentally by Emmons, Chang, and Watson (1960). I n  
this study, a third-order theory was a l s o  developed f o r  t he  unstable growth 
of  disturbances on the  f r e e  surface.  Bellman and Pennington (1961) extended 
the ana lys i s  of  Taylor i n s t a b i l i t y  t o  include surface tension and v iscos i ty .  
Surface tension has a s t a b i l i z i n g  influence, and v i scos i ty  reduces the r a t e  
of growth of disturbances.  
Additional information r e l a t ive  t o  c a p i l l a r y  s t a b i l i t y  can be found 
i n  Anliker (1963), Beam (1961), B e l l  (1963) , Berenson (1963) , c l i n e  (1964) , 
L i  (1963), Masica (1964), Masica (1964), O t t o  (1964), O t t o  (1965), Sherley 
(1963), S te rn l ing  (1959), Swalley (1965) , and Wood (1963) 
Reorientation 
0 
The s t a b i l i t y  theory re fer red  t o  i n  the last sec t ion  says nothing about 
iiappLis aftei- tiie eiqtic& ijond iliiiiL&r is CL--L. CL- * u u a u  uiic LE- 
ver ted  meniscus becomes unstable.  
somehow flow t o  the other end of  its container.  It i s  t h i s  f l o w ,  and the  re- 
verse flows t h a t  develop when t h e  l iqu id  impinges on the  other  end o f  the  
tank, t h a t  are the  subjects  of  reor ien ta t ion  s tudies .  
One na tu ra l ly  expects t h a t  a l i q u i d  will 
The reor ien ta t ion  f l o w  of l i qu id  i n  a cy l ind r i ca l  tank was studied ex- 
perimentally by Ho l l i s t e r  and Sa t t e r l ee  (1965). 
was imposed during free f a l l  a f t e r  establishment of  t he  t y p i c a l l y  highly- 
curved low-g liquid-gas in t e r f ace .  
and 200 were employed. 
ported by Masica and Petrash (1965), and Masica and Salzman (1965). 
Reorientation acce lera t ion  
ieor ien ta t ion  Bond numbers of order 10 
Similar s tudies  with zero-g i n i t i a l  shapes are re- 
In  the 0 
LMSC/A835805 
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l a t te r  it i s  demonstrated t h a t  baf f les  can be he lpfu l  i n  a l l e v i a t i n g  the  re- 
c i r cu la t ion  ( llgeyseringff) problem associated with reor ien ta t ion  flow, thus 
promoting b e t t e r  l i q u i d  co l lec t ion .  
0 
Bowman (1965) presents a n  experimental s tudy of reor ien ta t ion  f l o w  i n  
which the  t y p i c a l  low-g in t e r f ace  i s  not allowed t o  develop; ins tead ,  the 
surface is  i n i t i a l l y  qui te  f l a t .  A s  a r e s u l t ,  some i n t e r e s t i n g  flow pa t t e rns ,  
not expected t o  be observed i n  most p r a c t i c a l  s e t t l i n g  s i tua t ions ,  were ob- 
served. The r e s u l t s  of  a l inear ized  ana lys i s  presented i n  Bowman (1966) suc- 
ces s fu l ly  reproduced many of these features .  I n  an experimental inves t iga t ion  
of  r eo r i en ta t ion  under non-axial accelerat ion,  Bo- (1966) found t h a t  when a 
s e t t l i n g  Bond number of 72 is  applied t o  a cy l ind r i ca l  tank inc l ined  a t  lo, t he  
unsymmetric flow cha rac t e r i s t i c  i s  n o t  very repeatable,  whereas when the  cyl- 
inder  i s  inc l ined  a t  loo, a de f in i t e  tendency of  the  l i qu id  t o  flow up one 
s ide  of t he  container i s  always observed. This i s  not surpr i s ing ,  s ince  the  0 
t ransverse component of t he  s e t t l i n g  'accelerat ion r e s u l t s  i n  t ransverse Bond 
numbers of 1.26 f o r  1' i nc l ina t ion  and 12 .7  f o r  10' i nc l ina t ion .  The c r i t i c a l  
contac t  angles near zero degrees (as used i n  the experiments); therefore  un- 
c e r t a i n  t ransverse u n s t a b i l i t y  behavior would be expected a t  1' inc l ina t ion ,  
while an inc l ina t ion  of 10' should produce de f in i t e  t ransverse i n s t a b i l i t y .  
Another discussion of  propel lant  s e t t l i n g ,  with p a r t i c u l a r  emphasis on 
o r b i t a l  t r a n s f e r  of propellants,  i s  presented by Gluck and G i l l e  (1965). A 
descr ip t ion  of the flow, together  with an estimate of the  s e t t l i n g  time, i s  
based on sca led  exper imnts  conducted a t  one-g. 
The s t r u c t u r a l  s ignif icance of the impingement of  reor ien ta t ion  flow 
on t h e  end of a propel lant  tank was the  subject  of an experimental inves t i -  
gat ion reported by Stephens (1965). While a preliminary analysis  i s  al leged 
t o  have indicated t h a t  damaging s t r e s s  l eve l s  could r e s u l t ,  no s t r u c t u r a l l y  
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s ign i f i can t  impact loads were observed. 
Problems of l i q u i d  reor ien ta t ion  and associated phenmena as found i n  
0 
the  Centaur vehicle ,  together  with experimental and a n a l y t i c a l  r e su l t s ,  a re  
discussed by Sherley (1962). Additional information can be found i n  Otto 
(1964), O t t o  (1965) ,Reynolds (1964), Ste in l e  (1963), Swalley (1965), and 
Wood (1963). 
Sloshing 
The sloshing cha rac t e r i s t i c s  of  propel lants  contained i n  rocket tanks 
a r e  of considerable p r a c t i c a l  importance because of the  p o s s i b i l i t i e s  o f  un- 
s t a b l e  in t e rac t ion  with a t t i t u d e  control  system osc i l l a t ions ,  immersing vent 
l i nes ,  developing excessive forces  and moments due t o  l i q u i d  motion, and s o  
for th .  For t he  purpose of t h i s  repopt, t h i s  subdivision includes l i n e a r  and 
non-linear sloshing, t r ans i en t  response t o  sudden weightlessness, and the  ef- 
f e c t  of ant i -s losh baf f les .  
The ana ly t i ca l  and experimental study of Sa t t e r l ee  and Reynolds (1964) 
t r e a t s  l i nea r i zed  s loshing about an axisymmetric equilibrium meniscus i n  a 
c y l i n d r i c a l  container.  
sented f o r  l i m a r i z e d  low-g sloshing i n  the  fundamental mode. 
Compiete ana ly t i ca l  ana experimental r e s u l t s  a r e  pre- 
Two approaches t o  the  analysis  o f  symmetric l i q u i d  s loshing i n  an in- 
f i n i t e  channel of rectangular sect ion are presented by Hung, e t  a 1  (1964). 
I n  t h e  first, the ve loc i ty  potent ia l ,  free surface shape, pressure, and v i -  
bra t ion  frequency are expanded i n  the r a t i o  of the m a x i m u m  amplitude of f r e e  
surface v ibra t ion  t o  tank radius. 
t a ined  ( the  zero-order po ten t i a l  i s  zero). 
same problem, a harmonic funct ion expansion and Fourier  time-series ana lys i s  
A f i r s t -o rde r  ve loc i ty  p o t e n t i a l  i s  ob- 
I n  the second approach t o  the 
are employed. 
the r e s u l t s  a r e  presented. 
Numerical computation was ca r r i ed  out i n  a s ing le  case and 
0 
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A l i nea r i zed  ana lys i s  of axisymmetric sloshing during draining under 
low-g conditions i s  presented by Saad and Oliver (1964). The r e s u l t s  in- 
d ica te  a s l i g h t  reduction i n  the c r i t i c a l  Bond number f o r  draining an in-  
ver ted tank. 
Se r i e s  so lu t ion  of the l inear ized sloshing problem i s  ca r r i ed  out by 
The ve loc i ty  po ten t i a l  i s  obtained as an  i n f i n i t e  Koval and I3huta (1965). 
s e r i e s  of eigenfunctions. An approximate e x p l i c i t  expression can be ob- 
t a ined  by t runcat ing the s e r i e s ,  and t h i s  approximation could be used t o  
es t imate  pressures exerted by the  sloshing l i q u i d  on the containing tank. 
I n  another paper, Bhuta and Koval (1965) discuss the problem of  l i nea r i zed  
s loshing i n  a draining o r  f i l l i n g  tar$ i n  l o w g .  The p o s s i b i l i t y  of vapor 
blowthrough during draining i s  indicated,  as i s  the need f o r  ba f f l e s  t o  damp 
the  f r e e  surface motion during f i l l i n g .  The la t te r  r e su l t s  are questionable 
because f l o w  during f i l l i n g  i s  much f a r t h e r  from i d e a l  than f l o w  during 
draining. 
0 
perience weightlessness, and t h a t  tl-r? idea of i nc ip i en t  dynamics should be 
abandoned. I n  s p i t e  of this, success f i l  l inear ized  ana lys i s  has been re- 
ported. 
The t r ans i en t  response t o  sudden weightlessness of the f r e e  surface 
of a l i q u i d  i n  two-dimensional and cy l indr ica l  containers i s  subjected t o  
a l i nea r i zed  treatment by Fung (1965). The predicted ver tex  motion campares 
favorably with experiment. Pa r t i cu la r ly  s ign i f i can t  i s  the f a c t  t h a t  the 
i n i t i a l  ver tex motion opposite t o  l a t e r  t i m e  motion which i s  observed experi- 
mentally f o r  a sho r t  t i m e  a f t e r  entry i n t o  sudden weightlessness is reproduced 




t he  response of an i n i t i a l l y  f l a t  in te r face  t o  sudden a x i a l  accelerat ion.  
results of an experimental s tudy of the t r a n s i e n t  response of a l iquid-gas 
The 0 
i n t e r f a c e  t o  sudden weightlessness i n  spher ica l ,  cy l ind r i ca l ,  and annular  tanks 
are presented by Sieger t ,  e t  a1 (1964). 
The problem of non-linear o s c i l l a t i o n s  of an inv isc id ,  incompressible l i q -  
u id  having a free surface i s  formulated by applying Hamilton's p r inc ip l e  a t  con- 
s t a n t  volume by Petrov (1964). It i s  demonstrated t h a t  t h i s  i n t e g r a l  represen- 
t a t i o n  i s  equivalent  t o  the c l a s s i c  boundary value problem statement.  Several  
s p e c i f i c  c l a s ses  of extremizing functions are b r i e f l y  mentioned. 
t i o n s  o r  n u m r i c a l  results are presented. 
No applica- 
A numerical scheme f o r  computing t h e  non-linear axial ly  symmetric osc i l -  
l a t i o n s  of a c a p i l l a r y  surface i n  a cy l ind r i ca l  container  i s  discussed by 
Concus, e t  a1 (1965). T h e  numerical results presented show t h a t  t he  method 
has considerable promise and should be appl icable  t o  r eo r i en ta t ion  flow, a s  0 
well. 
Moiseev, e t  a1 (1964), discuss mthods  of solving c a p i l l a r y  hydrodynamic 
nnnhl vvIb,IIu. -ma 
ing t h e  e f f e c t  of v i scos i ty .  
gf pzrtic.fizr in te res t  is t h e  diss?lssior? of Eethcds f o r  im.est . igi t -  
Randolph (1965) considers t h e  problem of non- 
l i n e a r  axisymmetric motion of  a viscous l i q u i d  i n  a cy l ind r i ca l  container .  The 
d i f f i c u l t y  of applying an appropriate macroscopic viscous boundary condition 
where t h e  free surface contacts  t he  s o l i d  wall is  pointed out. While an  a p  
proach t o  numerical so lu t ion  i s  suggested, no computational o r  numerical re- 
su l t s  are reported.  
I n  a study of e l a s t i c  i n t e rac t ion  of tank s t ruc tu re  with s losh ing  l i qu id ,  
Tong and Fung (1965) f i n d  that increqsed f l e x i b i l i t y  leads t o  reduced n a t u r a l  
frequency. 
(1966), it i s  shown t h a t  superhposing an e l e c t r i c a l  body force  a l t e r s  the  
na tu ra l  frequency of o s c i l l a t i o n  of t h e  c a p i l l a r y  surface.  
I n  t h e  f l a t  in t e r f ace ,  square tank, ana lys i s  o f  Koval and &uta 
0 
This r e s u l t  w w l d  
I -13- 
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be expected f o r  any body force ,  of course. 
I n  an experimental s tudy o f  high-g s loshing motions, Cooper (1959) ob- 
ta ined  good agreement with first mode smal l  amplitude slosh theory.  The 
l lspi l l -overl l  o f  l i q u i d  t h a t  occurs when a l a rge  amplitude s losh  mve  reaches 
the  hemispherical  tank top results i n  considerable energy d i s s ipa t ion  and a 
sharp increase  i n  damping. O f  experimental i n t e r e s t  i s  t h e  f a c t  t h a t  w h i l e  
wave amplitudes were found hard t o  measure o r  def ine a t  times, the  la teral  
force produced by s losh  wave motion was r ead i ly  obtained. 
Miles and Troesch (1960) studied the  gravi ty-free o s c i l l a t i o n s  of t h e  
c y l i n d r i c a l  free surface of an  inv isc id  l i q u i d  i n  a x i a l  solid-body r o t a t i o n  
contained i n  a c y l i n d r i c a l  tank. This  i s  not  a problem i n  which surface 
fo rces  are important because the  cent r i fuga l  body force  dominates. Compre- 
hensive r e s u l t s  f o r  t he  natural modes of  cen t r i fuga l  o s c i l l a t i o n  were pre- 
sented.  
Further  information on sloshing and r e l a t e d  top ics  can be found i n  
Brazinsky (1962), Chernous 1 ko (196L) 
(196k) Hwang (1965) Koestel (1959): Moore (1965) I Neimer (1959) .r Otto (1944), 
Otto (1965), Paynter (1964), Reynolds (1964), Scr iven  (1960) , Shuleikin (1962), 
Shuleikin (1962) , Siege1 (196i), Smith (1965), Swalley (1965), and Unterburg 
(1962) 
Propel lan t  Containment and Ullage Control 
Chernous I ko (1965), Chu (1964), Cline 
I n  this sec t ion  methods f o r  p re fe ren t i a l  posi t ioning of contained l i qu ids  
i n  a low-gravity environment, such as a t  th tank d ra in  f o r  restart, and a m y  
from vents  are reviewed. Included are  passive methods, such as sur face  tens ion  
devices;  a c t i v e  methods, such as d ie lec t rophore t ic  devices;  and nethods of 
vent ing.  Pos i t i ve  expulsion devices, being independent of body forces  due t o  
acce le ra t ion  f i e l d s  o r  t he  lack of them, are disregarded. 
I n  an inves t iga t ion  ca r r i ed  out i n  a drop-tower, Pe t rash  and O t t o  (1942) 
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found i n t e r n a l  tank ba f f l i ng  t o  be an e f f e c t i v e  means of pos i t ion ing  l i q u i d  
f o r  vent ing and restart i n  low-g. 
of l i q u i d  i n  low-g was inves t iga ted  by C lodfe l t e r  and Lewis (1961), and no 
The e f f e c t  of screens on the configurat ion 
0 
important a l t e r a t i o n  i n  configuration was observed. 
Conical baffles were found by Neu and Good (1963) t o  be use fu l  f o r  or- 
i e n t i n g  l i q u i d s  i n  zero-g. 
discussed by Por t e r  and Clayton (1965) i n  an i n t e r e s t i n g  introduct ion t o  zero-g 
The use of a standpipe f o r  l oca t ing  l i q u i d  is  
research a t  the  Royal Aircraft Establishment, Farnborough, England. 
The results of a n a l y t i c a l  s tud ies  and one-g tests of t he  use of surface 
and d ie lec t rophroe t ic  forces  i n  l i qu id  containment are presented i n  a r epor t  
by B e l l  Aerospace (1963). Experimental da ta  and general  design information 
f o r  proposed propel lan t  containers  a r e  included. 
Some simple experiments wtth cap i l l a ry  r e t en t ion  devices i n  axial  and 
t ransverse  body fo rce  f i e l d s  are described by Jet ter  (1963). 
square o r  rectangular  passages were found t o  promote i n s t a b i l i t y .  
Corners i n  
The results of an a n a l y t i c a l  and experimental s tudy  of  p rope l lan t  con- 
tainment and venting i n  zero o r  small adverse g rav i ty  environments are re- 
ported by Boraas, e t  a l  (1965). Systems of c o a d a l  cones are inves t iga ted  
for containment. C r i t i c a l  s t a b i l i t y  condi t ions are determined by equating 
buoyancy and sur face  tension forces. While the  r e l a t i o n s  developed i n  this 
unusual way do no t  seem t o  check with standard results i n  the  l i m i t i n g  cases,  
the experiments reported seem t o  be i n  agreement with the  ana lys i s .  Screens 
and a c e n t r a l  standpipe a re  u t i l i z e d  i n  a combined containment and venting 
device.  
The p r inc ip l e  o f  dielectrophoresis  is  discussed by Blackmon and Crocker 
(1963), toge ther  with a descr ipt ion of some experiments and a discussion ~f 
t he  app l i ca t ion  of dielectrophoret ic  body forces  i n  posi t ioning l i qu ids  i n  
zero-gravity. 
0 
I n  similar papers, Blachon (1962, 1963) , descr ibes  the  col- 
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0 l e c t i o n  of l i q u i d s  using e l e c t r i c a l  forces .  Caloulated co l l ec t ion  forces 
and times compare favorably with experiment. 
An inves t iga t ion  of dielectrophoret ic  separat ion and o r i en ta t ion  of l i q -  
u id  hydrogen i n  low-g i s  reported by Hurwitz, e t  a1 (1964). 
was obtained between theory, laboratory analog tests, and zero-g a i r c r a f t  t e s t s .  
Good agreement 
A va r i e ty  o f  venting ( i n  this case, res idua l  propel lant  dumping) methods 
and t h e i r  r e l a t i v e  usefulness are discussed by Sa t t e r l ee  (1962). Similar  prob- 
lems, and experimental and ana ly t ica l  r e s u l t s ,  are discussed by Sherley (1962). 
Plans f o r  a f u l l - s c a l e  o r b i t a l  f l u i d  mechanics experiment aboard an  S-IVB s tage  
a re  discussed by Cline (1964), and Swalley (1965) . 
Additional information on propel lant  containment and ul lage cont ro l  can 
be found i n  Abdalla (1964), Allingham (1964), B e l l  (1962), Blackmon (1965), 
Heald (1965), Hunter ( 1962), Krivetsky (1962), Otto (1964), O t t o  (1965), Paynter 
(1964), P o r t e r  (1965), Reynolds (1964), Rod (1962), S te in le  (1963), Unterburg 
(1962), and Wood (1963). 
Draining 
0 
Extract ing i i q u i d  from a tank i n  a l o w g r a v i t y  environment can present  
se r ious  problems. 
eventual ly  a dip will appear i n  the  surface above the drain.  
i s  a severe problem because the dip i s  much more pronounced. 
ltsuckedft i n t o  the  drain,  a d i r e c t  gas path i s  provided t o  the pump suction. 
The propel lant  volume remaining i n  the  tank when t h i s  occurs i s  trapped and 
unusable. This e f f e c t  is  independent of and addi t iona l  t o  v o r t i c i t y  e f f e c t s .  
Additionally,  draining dynamics can adversely i n t e r a c t  with s loshing motions. 
A l i nea r i zed  analysis  of sloshing during tank draining under low-g con- 
A s  t he  depth of l i qu id  i n  a draining tank i s  reduced, 
I n  low-g, this 
When the  dip i s  
d i t i ons  i s  presented by Saad and Oliver (1964). 
a s imi l a r  treatment.  The formulation i s  generalized t o  account f o r  var iable  
a x i a l  accelerat ion,  but  the  solut ions presented a r e  f o r  constant accelerat ion.  
Buts and Koval (1965) present 
0 
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The p o s s i b i l i t y  of vapor blowthrough during zero-g draining i s  indicated.  
A photographic s tudy  of zero-g draining o f  l i q u i d  from a c y l i n d r i c a l  
0 
tank i s  presented by Nussle, e t  a1 (1965). 
i z ing  gas and ba f f l i ng  the  tank out le t  were found t o  be he lpfu l  i n  a l l ev ia t -  
DiPfusing the incoming pressur- 
ing the e f f e c t s  of suc t ion  dip,  thus delaying vapor blowthrough. 
An experimental s tudy of  tank draining under one-g i s  reported by 
Gluck, e t  a1 (1965). The point  a t  which gas inges t ion  occurred was found 
t o  depend only on Froude number f o r  Bond numbers of order 100 and l a rge r ;  
f o r  Bond numbers of order 10, the c r i t i c a l  condition was found t o  depend on 
Bond number as ml l .  
Some addi t iona l  information on tank draining under l o w g  conditions 
can be found i n  OlLoughlin (1965), O t t o  (1964), O t t o  (1965), P o v i t s k i i  (1963), 
Reynolds (1964), Sherley (1962), S te in le  (1962) , SmlleY (1965) , and Unter- 
burg (1962). 
He a t  Transfer 
t a ined  l i qu ids  i s  different ,  and becwse the  na tu ra l  convective t ranspor t  
of energy and mass, general ly  dominant a t  one-g, i s  much less vigorous. 
I n  an ana ly t i ca l  inves t iga t ion  of low-gravity t ranspor t  processes, 
Gebhart (1963) f inds t h a t  random disturbances normally present i n  t h e  motion 
of space vehicles  can r e s u l t  i n  r e l a t i v e l y  e f f ec t ive  convective t ransport .  
The hea t  t r a n s f e r  problem i n  a p a r t i a l l y  f i l l e d  propel lant  tank i n  
low-g i s  discussed i n  a repor t  prepared by Dynamic Science Corp. (1963). A 
lumped-capacity formulation intended f o r  so lu t ion  on an analog computer wm 
obtained. The heat t r a n s f e r  mechanisms considered were i n t e r n a l  rad ia t ion ,  
phase change due t o  evaporation and condensation, conduction, free convec- 
t i on ,  and convection i n  l i q u i d  layers due t o  d i f f e r e n t i a l  surface tension. 
0 
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The thermally-induced motion o f  l i q u i d  i n  a f u l l  two-dimensional con- 
t a i n e r  heated on one s ide  and insulated on the other  three i s  considered i n  
the repor t  of Hung, e t  a 1  (1964) 
heating funct ion and the  temperature, pressure,  and ve loc i ty  d i s t r ibu t ions  
0 
The problem i s  solved f o r  a t r i angu la r  
a r e  p lo t ted .  
A survey of avai lable  l i t e r a t u r e  on the  influence of grav i ty  on nuc- 
leate boi l ing  i s  most recent ly  presented by Adelberg (1963), together with 
r a t iona l i za t ion  o f  the observations i n  terms of the per t inent  force  r a t i o s .  
It i s  pointed out t h a t  s ince the mechanics of bubbles a r e  s t rongly  influenced 
by g rav i t a t iona l  forces ,  nucleate boi l ing can be s t rongly  influenced by such 
forces.  Note i s  taken of t he  d i f f i c u l t y  i n  so r t ing  out  s teady-state  and 
t r ans i en t  phenomena i n  r e l a t i v e l y  short-l ived drop tower experiments. 
r a t i o  arguments are used by Adelberg and For s t e r  (1961) t o  estimate one-g 
tes t  parameter values which may f ie ld  use fu l  information on zero-g boi l ing  




Similar  resul ts  a r e  presented i n  Adelberg and Schwartz 
The prcblem af f s rze&cz~~ivec t i~r i  heat transfer t o  a l i q u i d  contained i n  
a ro t a t ing  tank during spin-up from r e s t  i n  a low-gravity environment i s  dis- 
cussed by Fendell  (1966). 
Low-g heat  t r ans fe r  t o  l i qu id  propane contained in a spher ica l  s t e e l  
tank i s  discussed by Rex and Knight (1964). 
a sounding rocket.  While the  heat  f l ux  was about th ree  times as g rea t  as  the  
The experiment was conducted i n  
s o l a r  f l u ,  it was s t i l l  representative of o r b i t a l  heating rates. Most low-g 
hea t  t r a n s f e r  exper imnts  reported t o  date have been conducted a t  high heat- 
i ng  r a t e s  which are not t yp ica l  of o r b i t a l  conditions.  Nucleate boi l ing  
ev ident ly  pe r s i s t ed  throughout the experiment, and a reduced heat t r a n s f e r  
r a t e  of about 1/3 the one-g value ms observed. 0 
LMS c/A 8 35805 
- 18- 
The results of an experimental inves t iga t ion  of bo i l ing  hea t  t r a n s f e r  
t o  l i q u i d  ni t rogen i n  a near zer+g environment a re  reported by C l a r k  and 
0 
Merte (1963). The heat f l u x  range was high, lo3 t o  2.520 4 Btu/hr-ft2. A 
similar experimental s tudy by Merte and Clark (1963) ind ica tes  t h a t  g rav i ty  
reduction has l i t t l e  e f f e c t  on boiling hea t  t r a n s f e r  a t  high heat t r a n s f e r  
r a t e s .  
In  an experimental inves t iga t ion  of  t he  e f f e c t  of reduced g rav i ty  on 
pool-boiling, Usiskin and Siege l  (1961) found t h a t  the c r i t i c a l  heat  f lux 
var ies  approximately with the  k-powr of gravi ty .  It was a l s o  found t h a t  
t he  ve loc i ty  of  f r e e l y  r i s i n g  bubbles decreases with reduced gravi ty ,  and 
t h a t  bubble diameters a t  separat ion from the heated surface vary inversely 
with g rav i ty  t o  the  1/3.5 power. I n  similar experiments conducted a t  high-g, 
Costel lo  and T u t h i l l  (1961) also obtained a k-powx- va r i a t ion  of burnout 
0 heat  flux with gravity.  
I n  an order of magnitude analysis  based on experimental data, Keshock 
and S iege l  (196L) found t h a t  when bubble growth rate i s  la rge ,  nucleate 
L - 2  U U L L L I I ~  1 J - - is esseiitiaiiy gi-aviiy independent, and bubble departure from t i e  
heated surface i s  governed by i n e r t i a l  and surface forces .  
i ng  bubbles, the  authors found t h a t  departure i s  governed by buoyant and 
surface forces .  
For slowly grow- 
Viscous forces  appeared t o  be unimportant. 
S iege l  and Homll  (1965) report  an experimental determination of  the  
peak nucleate boi l ing  heat flux i n  water, e t h y l  alcohol, and an aqueous suc- 
rose so lu t ion  i n  low-g. Ver t ica l  o r ien ta t ion  of the  heated wire resu l ted  i n  
a lower peak heat  flux than d id  horizontal  o r ien ta t ion .  The peak o r  burnout 
f lux was found t o  be roughly proportional t o  t he  &power o f  g. 
Qua l i t a t ive  information regarding nucleate pool bo i l ing  of  water i n  
low-g i s  presented i n  a repor t  o f  a photographic inves t iga t ion  ca r r i ed  out 
by Hedgepeth and Zara (1963). 
0 
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Qua l i t a t ive  descr ipt ions o f  boil ing and condensing phenomena based on 
v i s u a l  observation of  l o w  and zero-g a i r c r a f t  tests a re  given by Hedgepeth 
(1960). 
t es t  loop. I n  a repor t  of a s imi la r  study i n  which mercury was the tes t  
l i qu id ,  R e i t z  (1960) reports  no difference i n  the mode of condensation i n  
zero-g as compared with one-g conditions. 
Both mercury and d i s t i l l e d  hater  were used i n  a boiler-condenser 
Correlat ions f o r  two-phase f l o G  i n  horizontal  cap i l l a ry  tubes a r e  
presented i n  a repor t  by Suo and G r i f f i t h  (1963). The cor re la t ions  should 
be appl icable  t o  l o w g  flow. Similar f l o w  v isua l iza t ion  tests, conducted 
both a t  one-g and zero-g, are reported by Evans (1963). 
The r e s u l t s  of an experimental inves t iga t ion  of bo i l ing  heat  trans- 
fer  t o  subcooled d i s t i l l e d  water flowing through a resistance-heated tube 
i n  a low-gravity environment a re  repcrted by Papel l  (1962). 
s lug  flow and a subs t an t i a l  increase i n  l o c a l  heat t r a n s f e r  coe f f i c i en t s  
The onset of  
0 
under low-g conditions =re  observed. 
A scheme f o r  simulating zero-g flow by means of  v e r t i c a l  o r  parabolic 
t o  how two-phase isothermal flow, boiling, and condensing might be inves t i -  
gated. It i s  reported t h a t  such a system has ye t  t o  be b u i l t  and t e s t ed ,  
Such hea t  t r a n s f e r  problems as nucleate boi l ing,  impingement of l i q -  
u i d  on a warn unwetted surface,  and heat  t r a n s f e r  be tmen  f u e l  and oxidizer 
tanks are discussed by Sherley (1962). A discussion of the  thermodynamics 
o f  passive o r b i t a l  temperature control  of propel lants  i s  given by Sa t t e r l ee  
(1962). 
Information on low-g heat  transfer and r e l a t ed  top ics  can a l s o  be 
found i n  Abdalla (1964), Abdalla (1965), Adelberg (1965), Albers (196.51, 
Aydelott  (1964), Bell (1964), Benton (196b), Brady (1963), Clark (19641, 
Cline (1964), Clodfel ter  (1964), Ginwala (1961), Heath (1964) , Henchley 
- 20- 
(1962), Kirk (1960) , Kirk (1963), Lancet (1965), Manson (1964) 
Merte (1961), Polk (1962), Regetz (1964) 
Steinle (1960)~  and Trusela (1960) . 
McGrew ( 1964) 
Schwartz (1965) Siege1 (1959) , 
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